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CATALYTIC GENERATION OF KTYDROGKN 



This invention relates to the catalytic generation of hydrogen from hydrocarbons, 
particularly straight chain hydrocarbons. 



Hydrogen is currently used mainly in industry, in activities such as the manufacture 
of fertilisers, petroleum processing, meth£inol synthesis, annealing of metals and producing 
electronic materials. In the foreseeable fixture, the emergence of fuel cell technology will 
extend the use of hydrogen to domestic and vehicle ^plications. 



A fiiel cell worics best vvhen the anode is supplied with neat hydrogen. In the design 
of practical systems, however, other factors also need to be considered, including the 
availability, cost, supply, distribution, storage and release of clean hydrogen. When all these 
factors are taken into consideration, alternative methods of fuelling can show an overall 
15 advantage. 

The issue of fiielling is very dependent on the type of application. For example, the 
design of fuel cell powered passenger vehicles requires a compact and responsive supply of 
hydrogen which must provide comparable driving performance to that of a combustion 

20 powered vehicle, as well as achieving higher efficiency and improved emission standards. 
Although conventional and novel on-board hydrogen storage options are being developed, 
these do not seem likely to meet the target requirements for mass, size and cost, in time to 
be used for the first generation of fuel cell vehicles. Instead, the technology most likely to 
be implemented in the short term is the on-board generation of hydrogen ftom a liqmd or 

25 liquefied fuel. On the other hand, the design of domestic systems for generating heat and 
fuel cell power is less constrained by the need for compacmess and speed of response. 
Furthermore, as the most widely available domestic fuel is natural gas, the efficient 
conversion of methane to hydrogen is seen as a key development targct, 



5 



10 



30 



New fuel-processing technologies for generating hydrogen tend to be based either 
on steam-reforming or on partial oxidation. Each approach has its merits. Partial oxidation 
is a fast exothermic process, resulting in rapid start-up and short response times. Steam 
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reforming is endothermic and very efficient, producing hydrogen fix>m both the fuel and the 
steam. 

However, our work on system simulations leads us to predict that, in terms of 
5 efBciency, the ideal fuel-processor is likely to function by a combination of partial oxidation 
and steam reforming. In our previous work, (see EP 0217532; EP 0262947; WO 96/00186 
and Platinum Metals Review,. 1989, 33 (3) 1 1 8-127)» we have shown that the two reactions 
can be carried out simultaneoxxsly in the same catalyst bed using a catalytic hydrogen 
generator which has become known as the HotSpot™ reactor. The process which takes 
10 place in the HotSpot reactor is a self-sustaining combination of exothermic partial oxidation 
and endothermic steam-reforming to produce a gas-stream containing mainly hydrogen, 
carbon dioxide and nitrogen, and is characterised by a low rate of carbon monoxide 
formation. 

15 Possibly, the easiest fiiel to process is methanol. The merits of methanol are well 

documented and include: 

(i) low propensity for soot formation; 

(ii) absence of contaminants (especially sulphur); 

(iii) possibility of production from renewable sources; and 
20 (iv) availability of compatible components. 



However, the disadvantages of methanol are equally familiar, notably: 

(i) relatively high toxicity; 

(ii)— Wgh affinity- for- water,- resulting in coTTosiveness; 

25 (iii) absence of infrastmcture for supplying vehicle fuelling stations; and 

(iv) unsuitability for domestic use. 



Although there has been considerable progress in the development of on-board 
methanol steam reformers, because of the above-mentioned disadvantages of methanol, it 
30 is by no means certain that methanol will be widely adopted by the manufacturers of fuel- 
cell vehicles. For domestic applications, natural gas is overwhelmingly the preferred choice. 
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The question of supply and distribution, in particular, has emerged as one of the key 
issues in the debate on the fuelling of fuel-cell systems, with a strong case being made for 
the use of the most widely available fuels. This caused us to further investigate the 
feasibility of generating hydrogen from hydrocarbon fuels by the self-sustaining reaction of 
5 air and steam as can be accomplished mter alia by our HotSpot reactor. 

An object of the present invention, therefore, is to provide an improved process for 
generating hydrogen from hydrocarbons by a self-sustaining combination of partial oxidation 
and steam reforming. 

In the course of our investigations we have identified a catalyst species which is 
extremely effective for oxidatively reforming (ie by partial oxidation alone or with the 
combination of steam reforming) straight chain hydrocarbons allowing hydrogen to be 
formed with high selectivity. 

According to the present invention there is provided a process for the catalytic 
generation of hydrogen by the self-sustaining partial oxidation of a hydrocarbon comprising 
contacting a mixture of the hydrocarbon and an oxygen-<x)ntaining gas and optionally steam 
with a catalyst comprising rhodium dispersed on a refractory oxide support material which 
comprises as cations cerium and zirconium. 

Preferably* steam is introduced into the mixture of hydrocarbon and oxygen- 
containing gas after the self-sustaining partial oxidation of the hydrocarbon has commenced. 

25 Further preferably, the hydrocarbon is a straight chain hydrocarbon having 1 to 1 5 

carbon atoms, conveniently 1 to 7 carbon atoms. 

Suitably, the hydrocarbon is selected from methane, propane, biitane, hexane, 
heptane, naphthas, liquified petroleum gas, reformulated petrol and some diesel-type fuels. 

30 

Suitably, the oxygen-containing gas is air. 
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Preferably, rhodium comprises 0,1 weight% to 5 weight% of the total weight of the 
supported catalyst, conveniently 0.2 Aveight% to 2.5 weight%. 

Preferably, the refractory oxide support material is a mixture of ceria and zirconia. 

5 

Preferably, the weight ratio of ceria to zirconia in the catalyst support material is 
from 0.5 to 99.5 to 99.5 to 0.5, conveniently from 5 to 95 to 95 to 5. 

Preferably, the catalyst is pre-heated to a temperature at which self-sustaining partial 
1 0 oxidation of the hydrocarbon commences. The catalyst may be pre-heated by direct heating 
or catalytic heating- 
Further preferably, the catalytic heating method comprises feeding to the catalyst an 
oxyget)-containing gas and an initiating compound which is more easily oxidisable than the 
15 hydrocarbon to be partially oxidised, suitably, methanol, hydrogen or dimethyl ether. 

Preferably, the mixture of hydrocarbon and oxygen-containing gas is fed to the 
catalyst when the catalyst has reached the temperature at which self-sustaining partial 
oxidation of the hydrocarbon will occur. 

20 

The present invention in a preferred form is a self-sustaining combination of partial 
oxidation and steam reforming of the hydrocarbon, the steam reforming being conducted by 
introducing steam into the mixture of hydrocarbon and oxygen-containing gas after the self- 
sustaining partial oxidation of the hydrocarbon has commenced, 

25 

— — - -From another aspwt the present invention is a catalyst for generating hydrogen from 

hydrocarbons comprising a catalyst as defrned above. 

From yet another aspect, the present invention is hydrogen whenever prepared 
30 according to the process defrned above. 
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We have found that a high proportion of zirconia induces a lower light-off 
temperature, but results in a higher temperature for self-sustaining operation and so causes 
more rapid deactivation of the catalyst whereas a high proportion of ceria lowers the 
temperature of self-sustaining operation and improves durability. 

5 

Advantages of the process of the present invention include the following: 

(i) it allows existing inftastructure straight chain hydrocarbon fuels to be used for the 
generation of hydrogen; 

(ii) it allows for highly compact and responsive hydrogen generation; 
1 0 (iii) it is self-sustaining; 

(iv) it operates at comparatively low temperatures; 

(v) it produces mainly hydrogen and carbon dioxide without the need for one or more 
separate or integral water shift reactors (and thus is a considerable improvement over 
existing fiiel generation technologies); 

1 5 (vi) there is litde or no carbon deix)sition on the catalyst; 

(vii) there is no evidence of sulphur poisoning of the catalyst; and 

(viii) it provides a catalyst system which shows high conversion efficiency and high 
selectivity towards the formation of hydrogen. 

20 The present invention is further described by way of the following illustrative 

Examples. 

The following background information is given with respect to the illustrative 
Examples. 

25 

(i) Micro-scale Reactor T emperatuT^-prf^prammed Ext>eriments 

A micro-reactor test rig was designed to measure the rate of hydrogen generation and 
to provide a complete product analysis during: 
30 (a) temperature-programmed reaction of each fuel with air and air/water; and 
(b) self-sustaining oxidative reforming of each fuel. 
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For each fuel, optimum experimental conditions for partial oxidation and auto- 
thermal reforming were calculated. The reactor was then furnace heated up to the initial 
temperatxire to be studied; this was the minimum temperature required to maintain any liquid 
feed(s) in the vapour phase. When the temperature had stabilised, the calculated flows were 
5 introduced to the catalyst and the composition of the exit stream was analysed. The 
reactants were always supplied in the gas phase, ie liquid feeds were pre-vaporised. The 
fiimace temperature was then increased incrementally until full conversion of the fuel was 
achieved. When the conditions for maximum hydrogen generation were established, fiirther 
experiments were carried out to see if varying the air, fuel or water feeds would further 
1 0 improve the hydrogen output, 

(ii) Micro^scate Catalyst Stability Tests 

After optimising the conditions for hydrogen generation for each catalyst/fiiel 
15 combination, a durability test was carried out for 6-8 hours under those conditions. The 
reformate composition was recorded at hourly intervals. Decline in catalyst activity could 
be monitored from any change in hydrogen output. After completion of the test, the catalyst 
was inspected for any signs of carbon retention. 

20 (iii) Micro-scale Reactor Self-sustaining Experiments and HotSpot R eactor Experiments 

Light-off could be induced by raising the catalyst bed temperature either by direct 
heating (using the furnace) or by catalytic heating (by feeding hydrogen and air at ambient 

temperature): When the catalyst bed"reached the right-of^^temperature (known from the 

25 lemperature-programmed experiments), the furnace was removed or the hydrogen/air feed 
was switched to fuel/air. When the calculated optimum temperature for auto-thermal 
operation was reached, water was introduced to the feed stream. 

For scaled-up experiments using a HotSpot reactor, the basic method as outlined for 
30 micro-scale reactor self-sustaining experiments was employed. 
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(iv) Methane 

This was used as a model for natural gas. 
5 (v) Strai|ght c hain Naphtha 

Heptane was used as a model for straight run naphtha (see Example 4). 
(vi) Reformulated Gasoline (RFG^ 

10 

Reformulated gasoline (RFG) contains straight and branch chain hydrocarbons, 
aromatics, oxygenates and sulphur compoutids but is composed mainly of straight chain 
hydrocarbons (see Example 5), 

15 EXAMPI.E 1 

Temperature-programmed Methane yef^nyiip g 

A batch of catalyst with a nominal composition of l%Rh/Ce02-ZrO2 (based on the 
20 proportions of precursors) was prepared by impregnating 50g of 50:50 (by mass) ceria- 
zircorua support material with an aqueous Rh-salt solution. The required amount of 
impregnating solution (30cm^) was prepared by adding distilled water to 3.64g of aqueous 
rhodium(III) nitrate containing 0.5g rhodiimi. 

25 llie impregnating solution weis added to the support material and mixed thoroughly. 

Excess water was removed from the resultant paste, which was then left for 2 hours to form 
a semi-rigid cake. After breaking-up the cake, the lumps were dried at 120^ C for 8 hours, 
before being calcined in static air at SOO^'C for 2 hours. Finally, the catalyst was crushed, 
pelletised (using a pressure of 8500kg cra"^ for 15 rain) and sieved to collect granules in the 

30 range 0.3-0.8mm diameter. No special activation was required prior to testing. 
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A small bed (0,2g) of the granulated catalyst prepared as above was loaded into a 
tubular quartz reactor, which was positioned at the centre of a furnace. A mixture of 
methane (9.5 standard cm^min"'), air (25 standard cm^min^) and steam (31 standard 
cm^min ') was passed through the catalyst bed, wiiile the temperature inside the furnace was 
5 raised at 2°C rain'^ from lOS^'C to SOO^'C. The rate of hydrogen production peaked ^en 
the catalyst bed temperature reached 555 ""C. At this temperature, 98.5% of the methane was 
converted to a reformate containing 21% Hj, 6% COj 0.9% CO and 65% N2 (plus water and 
unreacted methane). 

10 EXAMPLE 2 

Se>f-siistaining Met hane Reforming on Micro-reactor Scale 

A bed (1 .Og) of the catalyst prepared in Example 1 was loaded into a quartz reactor. 

1 5 Unlike Example 1 , however, no extemal heat was supplied by the furnace in this Example 2. 
Instead, the catalyst bed was initially heated by feeding hydrogen (200 standard cm^min*') 
and air (174 standard cm^min"^). When the bed temperature reached 600 ''C, the gas-feed 
^as switched to methane (40 standard cm^min'^) and air (1 74 standard cm^min*^). Under 
these partial oxidation conditions, the bed temperature stabilised at 625 "^C, and the methane 

20 conversion reached 45%. The composition of the reformate was 10.5% Hj, 9% COj, l.S% 
CO, 12% CH4 and 60% N2 (plus water). 

When the gas-feed was changed to methane (24 standard cm^min"'), air ( 1 30 standard 

cm^min:^) and steam (124.5 standard cm^niin ^the bed tem but 

25 the H2 concentration in the reformate rose to 12.5%. Under these conditions, the catalyst 
was functioning by a self-sustaining combination of partial oxidation and steam reforming 
of methane. Furthermore, by reducing the heat loss from the reactor, the amount of steam 
refomiing could be increased. This resulted in 97% conversion of methane, and a reformate 
containing 24% Hj, 1 1 .5% CO2, 0,8% CO and 49% (plus water and unreacted methane), 
30 There was no sign of de-activation during 7 hours of testing. 
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y.X AMPLE 3 
HotSpot Reforming of Mfethfline 

5 A radial bed (80g) of the catalyst prepared in Example 1 was tested using a suitably 

modified HotSpot reactor. The HotSpot reactor allows multiple injection of fiiel, water and 
air in a catalyst bed which catalyses partial oxidation and steam reforming of the fuel. Based 
on the results of Example 2, the HotSpot reactor was modified to include thermal insulation 
(to prevent heat losses from the reactor) and high-temperature connectors and fittings (to 

10 tolerate the high temperatures compared to methanol reforming). 

The temperature of the radial catalyst bed was raised by feeding hydrogen 
(0.85 standard litre min^) and air (2.6 standard litre min'^). When the bed temperature 
reached 600°C, the gas-feed was switched to methane (L14 standard htre min"^) and air 
1 5 (4.67 standard litre min '). The catalyst temperature remained at 600 °C during the partial 
oxidation of methane. Dry analysis of the reformate, by gas chromatography and non- 
dispersive IR, showed 15% H^, 3% CO., 2% CO, 66% and 14% CH4. 

When the water was added to the gas feed (by vaporising liquid at a rate of 
20 4.6cm^ min'^), the HotSpot reactor began to function by a self-sustaining combination of 
partial oxidation and steam reforming. This had the effect of lowering the bed temperature 
(to 540 °C), but raising methane conversion to 97% and the rate of hydrogen production (to 
135 litre h'^). Dry analysis of the reformate now showed 32% H2, 13% CO^, 1.3% CO, 53% 
N2 and 0.8% CH,. When the feed rates were changed (to methane : 6.49 standard litre min'^; 
25 air : 1 8.74 standard litre min"'; steam : 6.3 1 standard litre min'^), the hydrogen output rose 
to 585 litre h ^ and remained stable during 7 hours of testing. 
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EXAMPLE 4 

Self-sustaining Hgptane Reforming on Micro-react or Scale 

5 A batch of catalyst was prepared by the method described in Example 1, except that 

the support material was 80:20 (by mass) ceria-zirconia. 

A bed (0.2g) of catalyst prepared as above, was loaded into a quartz reactor. The 
catalyst bed temperatxjre was raised to 200°C by furnace heating. The furnace was then 
10 switched off, before heptane vapour (3,8cm^min"^) and air (64.5cm ^in ) were passed 
through the catalyst, .bed. When the catalyst reached 575 ""C, steam was added 
(124-4cm^min'^) and the air feed-rate was decreased (to 24.1cm^min ^). The catalyst 
temperature stabilised at 625 ^C. The hydrogen concentration of the dried reformate was 
22%. 

15 

E XAMPLES 

Self-sustaining Reformulated Gasoline on Micro-reactor Scale 

20 A fresh bed (0,2g) of the catalyst prepared in Example 4 was loaded into a quartz 
reactor. The catalyst bed temperature was raised to 200 ^^C by furnace heating. The furnace 
was then switched off, before reformulated gasoline vapour (produced by vaporising the 
liquid at a rate of l.Scm^min"^) and air (62.8cm^min"^) were passed through the catalyst bed. 
\Vhen,the catalyst reached 600-Gv$team was added (62:5cm^r^ andlfie bed temperature 

25 stabilised at 590 ''C. The hydrogen concentration of the dried reformate was 28.5%. 
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CLAIMS 

1 . A process for the catalytic generation of hydrogen by the self-sustaimng partial 
oxidation of a hydrocarbon comprising contacting a mixture of the hydrocarbon and an 

5 oxygen-containing gas and optionally steam with a catalyst comprising rhodium dispersed 
on a refractory oxide support material which comprises as cations cerium and zirconium. 

2. A process according to claim 1 wherein steam is introduced into the mixture of 
hydrocarbon and oxygen-containing gas after the self-sustaining partial oxidation of the 

10 hydrocarbon has commenced. 

3. A process according to claim 1 or 2 wherein the hydrocarbon is a straight chain 
hydrocarbon. 

15 4. A process according to claim 3 wherein the hydrocarbon contains 1 to 15 carbon 
atoms. 

5. A process according to claim 4 wherein the hydrocarbon contains 1 to 7 carbon 
atoms. 

20 

6. A process according to any one of the preceding claims wherein the hydrocarbon is 
selected from methane, propane, butane, hexane, heptane, naphthas, liquified petroleum gas, 
reformulated petrol and some diesel-type fuels. 

25 7, A process according to any one of the preceding claims wherein the 
oxygen-containing gas is air. 

8. A process according to any one of the preceding claims wherein rhodium comprises 
0. 1 weight per cent to 5 weight per cent of the total weight of the supported catalyst- 

30 

9 A process according to claim 8 wherein rhodium comprises 0.2 weight per cent to 
2.5 weight per cent of the total weight of the supported catalyst. 
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9 A process according to claim 8 wherein rhodium comprises 0.2 weight per cent to 
2.5 weight per cent of the total weight of the supported catalyst. 

10. A process according to any one of the preceding claims wherein the refractory oxide 
5 support material is a mixture of ceria and zirconia. 

11, A process according to claim 1 0 wherein the weight ratio of ceria to zirconia in the 
catalyst support material is from 0.5 to 99.5 to 99.5 to 0.5 

10 12. A process according to claim 1 1 wherein the weight ratio of ceria to zirconia in the 
catalyst support material is from 5 to 95 to 95 to 5. 

13. A process according to any one of the preceding claims wherein the catalyst is 
pre-heated to a temperature at which self-sustaining partial oxidation of the hydrocarbon 

1 5 commences. 

14. A process according to claim 13 wherein the catalyst is pre-heated by direct heating 
to a temperature at which self-sustaining partial oxidation of the hydrocarbon commences. 

20 15. A process according to claim 13 wherein the catalyst is pre-heated by catalytic 
heating to a temperature at which self-sustaining partial oxidation of the hydrcarbon 
commences. 

16^ __ ^ process.according tO-claim -14 whet^ 

25 catalyst an oxygen-containing gas and an initiating compound which is more easily 
oxidisable than the hydrocarbon which is to be partially oxidised. 



30 



17. A process according to claim 16 wherein the initiating compound is selected from 
methanol, hydrogen and dimethyl ether. 
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18. A process according to any one of the preceding claims wherein the mixture of 
hydrocarbon and oxygen-containing gas is fed to the catalyst when the catalyst has reached 
the temperature at which self-sustaining partial oxidation of the hydrocarbon will occur. 

5 19. Hydrogen whenever prepared by a process according to any one of the preceding 
claims. 

20. A catalyst for generating hydrogen from hydrocarbons comprising the catalyst as 
defined in claim 1 and any one of claims 8 to 12. 

10 

21. A fuel cell system comprising a hydrogen production unit which operates according 
to the process of any one of claims 1 to 19. 
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CATALYTIC CKNFR ATlON O F HYDROGEN 

Abstract of the invention 

5 A process for the catalytic generation of hydrogen by the self-sustaining combination 

of partial oxidation and steam reforming of a hydrocarbon comprises contacting a mixture 
of the hydrocarbon, an oxygen-containing gas and steam with a catalyst comprising rhodium 
dispersed on a refractory oxide support material which is a mixture of ceria and zirconia- 
The hydrocarbons are straight chain hydrocarbons having 1 to 15 carbon atoms and include 
10 methane, propane, butane, hexane, heptane, naphthas, liquefied petroleum gas and 
reformulated petrol and some diesel fuels. The process can be started by feeding the 
hydrocarbon and air to initiate partial oxidation^ before steam is added. 



